Background/Objective: Between attacks, migraine is associated with hypersensitivities to sensory stimuli. The objective of this study was to investigate hypersensitivity to pain in migraineurs between attacks. Methods: Cutaneous heat pain thresholds were measured in 112 migraineurs, migraine free for !48 hours, and 75 healthy controls. Pain thresholds at the head and at the arm were compared between migraineurs and controls using two-tailed t-tests. Among migraineurs, correlations between heat pain thresholds and headache frequency, allodynia symptom severity, and time interval until next headache were calculated. Results: Migraineurs had lower pain thresholds than controls at the head (43.9 C AE 3.2 C vs. 45.1 C AE 3.0 C, p ¼ 0.015) and arm (43.2 C AE 3.4 C vs. 44.8 C AE 3.3 C, p < 0.001). There were not significant correlations between pain thresholds and headache frequency or allodynia symptom severity. For the 41 migraineurs for whom time to next headache was known, there were positive correlations between time to next headache and pain thresholds at the head (r ¼ 0.352, p ¼ 0.024) and arm (r ¼ 0.312, p ¼ 0.047).
Introduction
Hypersensitivities to sensory stimuli are most prominent during migraine attacks, manifesting as photophobia, phonophobia, osmophobia and cutaneous allodynia (1) (2) (3) (4) (5) . However, these hypersensitivities often persist, albeit less prominently, in migraineurs between attacks (6) (7) (8) (9) (10) . The presence of betweenattack hypersensitivities has been suggested via answers to questionnaires assessing patient symptoms, physiologic studies (e.g. measuring light or auditory discomfort thresholds), and in functional magnetic imaging studies that demonstrate enhanced stimulus-induced brain activations (6) (7) (8) (9) (10) (11) (12) (13) (14) .
The central and peripheral sensitization of nociceptors that occurs during migraine attacks can lead to lowering of pain thresholds and symptoms of cutaneous allodynia within and outside of the trigeminal nerve territory (1, 3, (15) (16) (17) . Although it is relatively well established that migraineurs develop cutaneous sensitization and allodynia during migraine attacks, sensitivity to potentially noxious stimuli between migraine attacks is less well established. The few studies that have investigated thermal, mechanical or electrical pain thresholds in migraineurs between migraine attacks have yielded conflicting results (9, 10, (18) (19) (20) . This current study adds to the existing literature because of its larger sample size, ability to perform subgroup analyses that exclude individuals with pain at the time of testing and those taking migraine prophylactic medications, and ability to determine correlations between pain thresholds and headache frequency, allodynia symptom severity, and time to next migraine attack.
The objective of this study was to determine if, compared to healthy controls, migraineurs have lower heat pain thresholds between migraine attacks. The mechanisms accounting for low pain thresholds might also predispose a migraineur toward development of their next migraine and could potentially be a target for migraine prophylactic therapy.
Methods
Institutional review board approval for this study was obtained from the Washington University School of Medicine and from the Mayo Clinic. Individuals were recruited from an institutional database of research volunteers at Washington University, from headache clinics at the two institutions, and via use of advertisements in the medical centers. All participants provided informed consent prior to participation. Participants were adult men and women between the ages of 18 years and 65 years who did not have any medical conditions that could directly affect the results of quantitative sensory testing (QST) (e.g. peripheral neuropathy) and did not have any acute or chronic pain disorders other than the migraineurs having migraine. Control individuals could not have headaches other than tension-type headache on three or fewer days per month. Headache diagnoses were made according to the criteria of the International Classification of Headache Disorders, second edition (ICHD-2) (21).
All participants were studied at a time when they had been migraine free for at least 48 hours. All episodic migraine and control participants had been completely pain free for at least 48 hours. Chronic migraineurs were studied as long as they had not had a constellation of symptoms that met ICHD-2 diagnostic criteria for a migraine attack within 48 hours. However, since many chronic migraineurs are never completely free of migraine symptoms for 48 hours, chronic migraineurs were allowed to participate even if they were not pain free at the time of testing. All individuals were free of pain medications and abortive migraine medications for at least 48 hours. Episodic migraineurs had not used migraine prophylactic medications for at least eight weeks at the time of testing. Chronic migraineurs taking migraine prophylactic medications were enrolled. The primary data analysis compared all migraine patients to healthy control participants. However, two secondary analyses were performed: 1) migraine patients who were pain free at the time of testing and not using migraine prophylactic medications vs. healthy control participants; and 2) episodic migraine patients vs. healthy control participants.
Participants underwent structured interviews and were assigned a diagnosis as a control or migraineur by a neurologist with board certification in headache medicine (TJS). All individuals completed the Migraine Disability Assessment (MIDAS), the State-Trait Anxiety Inventory (STAI), the Beck Depression Inventory (BDI-II), and the Allodynia Symptom Checklist (ASC-12) (22) (23) (24) (25) . Participants completed the ASC-12 twice; once according to their recall of symptoms during times when they were headache free and again according to recall of symptoms during their most severe headaches.
Quantitative sensory testing was performed to determine heat pain thresholds. Standardized instructions were delivered to the participants prior to quantitative sensory testing. ''Pain threshold'' was defined for participants as the first moment that the stimulus changed from feeling hot to feeling painful. Each individual underwent testing at the right and left forehead and the right and left ventral medial forearm. Thermal testing was performed using the Medoc Pathway platform with a 30 mm Â 30 mm thermode. The thermode was applied to the skin and fastened with a hook and loop strap. Using the method of limits, the thermode increased in temperature at a rate of 1 C per second from its starting point at 32 C until the patient pressed a button on the patient response unit indicating that the stimulus became painful. Testing was performed three times at each body location. The mean of the three trials in each body location was considered the pain threshold.
Forty-eight of the migraineurs completed a daily headache diary for one week following testing. This diary was utilized to determine the interval between testing and onset of the next headache (in hours).
Demographics, anxiety, disability, depression, and allodynia scores were described using descriptive statistics and compared between participant groups using chi-squared tests or t-tests, as appropriate. Pain thresholds on the right and left were averaged in order to obtain one measure of pain threshold at the arms and one at the head. Two-sample t-tests were used to compare heat pain thresholds in migraineurs to those in controls with p < 0.05 being considered significant. Pearson correlations were used to investigate relationships between heat pain thresholds in migraineurs with headache frequency, allodynia symptom severity, anxiety scores, depression scores, and time to next headache. For these correlations, p < 0.05 were considered significant.
Results
Seventy-five healthy control individuals and 112 migraine patients were included in this study. Participant demographics, headache frequency, MIDAS score, STAI scores, BDI-II scores, and ASC-12 scores are shown in Table 1 . Migraineurs had higher trait anxiety scores, BDI scores, and cutaneous allodynia scores. However, scores for trait anxiety, BDI scores and headache-free ASC-12 scores were within normal limits in the migraine group and in the control group. Mean ASC-12 score during headache was indicative of mild allodynia in the migraineurs.
Heat pain thresholds were lower in migraineurs, both at the forehead (43.9 C AE 3.2 C vs. 45.1 C AE 3.0 C, p ¼ 0.017) and at the forearm (43.2 C AE 3.4 C vs. 44.8 C AE 3.3 C, p < 0.001). Among the migraineurs, there were no significant correlations between pain thresholds and headache frequency (n ¼ 112), allodynia symptom severity (n ¼ 112), anxiety scores (n ¼ 112), or depression scores (n ¼ 111). Forty-one of the 48 migraine patients who completed a headache diary for one week following measurement of pain thresholds had a headache during that week. There were significant positive correlations between number of hours until the next headache and heat pain thresholds at the head (r ¼ 0.352, p ¼ 0.024) and at the forearm (r ¼ 0.312, p ¼ 0.047) ( Figure 1 ).
The first post hoc analysis excluded migraineurs who were in pain at the time of testing (n ¼ 19) and excluded migraineurs who were using migraine prophylactic medications (n ¼ 15) (10 individuals were in pain at the time of testing and were using migraine prophylactic medications). After excluding these individuals, migraineurs (n ¼ 88) still had significantly lower heat pain thresholds at the forehead (44.0 C AE 3.3 C vs. A second post hoc analysis interrogated differences in heat pain thresholds for episodic migraineurs only (n ¼ 74) compared to those of healthy controls (n ¼ 75). None of these episodic migraineurs were using migraine prophylactic medications and all were pain free at the time of testing. Compared to healthy controls, episodic migraineurs had lower heat pain thresholds at the forehead (44.0 C AE 3.5 C vs. 45.1 C AE 3.0 C, p ¼ 0.041) and at the forearm (43.3 C AE 3.4 C vs. 44.8 C AE 3.3 C, p ¼ 0.008). For the 36 episodic migraineurs who maintained a headache diary following QST, 29 of whom had a headache during that week, there were significant positive correlations between number of hours until the next headache and heat pain thresholds at the head (r ¼ 0.344, p ¼ 0.040) but not at the forearm (r ¼ 0.315, p ¼ 0.061).
Discussion
In this study, heat pain thresholds within and outside of the trigeminal nerve territory were measured in a relatively large cohort of migraineurs who were at least 48 hours free from their last migraine attack. Compared to healthy controls, migraineurs had lower heat pain thresholds at the forehead and at the forearm. Although the absolute differences in pain thresholds found between migraineurs and healthy controls were relatively small and did not associate with symptoms of cutaneous allodynia, the mechanisms underlying these lower pain thresholds in migraineurs could also predispose the migraineur to his or her next migraine attack or the lower pain thresholds could be an early manifestation of the migraine attack itself. The findings of positive correlations between pain thresholds and number of hours until the next migraine attack support these theories.
Previously published studies that have compared pain thresholds within and outside of trigeminal innervated territory in migraineurs between migraine attacks to those of healthy controls have had mixed results. A few studies have found interictal migraineurs to be more sensitive to mechanical/pressure stimuli and to have lower thermal pain thresholds (9, 10, (18) (19) (20) . However, others have found no differences in electrical or thermal pain thresholds between interictal migraineurs and healthy controls (10, 18) . A study from our laboratory that was published in 2011 and included 60 of the participants (20 episodic migraineurs, 20 chronic migraineurs, and 20 controls) also included in the study reported herein found that interictal episodic and chronic migraineurs had lower thermal pain thresholds and thermal pain tolerance thresholds than controls (9) . Similar to the current study that investigated an additional 72 migraine patients, there were no correlations between headache frequency and pain thresholds, a relationship suggested by a few other studies (26, 27) . Overall, prior publications addressing interictal pain thresholds in migraineurs have had conflicting results, likely due to small sample sizes, the use of different types of stimuli (thermal, pressure, electrical), testing at different body sites, differing definitions of ''interictal,'' and different inclusion/exclusion criteria (e.g. pain level at the time of testing, use of migraine prophylactic medications, inclusion of patients with different headache types). The study that we report herein has attempted to clarify some of these issues by using a strict definition of no migraine within 48 hours prior to testing, performing secondary analyses that exclude patients who had any pain at the time of testing, those taking migraine prophylactic medications, and chronic migraineurs, and by exploring correlations between pain thresholds with headache frequency and time interval until the next headache.
In this study, there were positive correlations between heat pain thresholds and number of hours until the next migraine attack. These correlations support the notion that there could be a lowering of pain thresholds prior to the onset of migraine attack symptoms. A relationship between pain thresholds and time interval until the next migraine attack has been suggested in a study by Sand and colleagues (28) . In that study, 11 migraineurs who were studied in the preattack phase (within 24 hours of their next migraine attack) and during the interictal period (more than 24 hours from last attack and more than 24 hours from next attack) were found to have lower pain thresholds during their pre-attack phase. This increasing sensitivity to painful stimuli might correlate with a lower threshold for full activation of the trigeminocervical system and thus lead to or predispose migraineurs to their next migraine attack. Alternatively, increasing sensitivity to painful stimuli might be an early manifestation of the migraine attack itself, beginning well before the onset of migraine attack symptoms.
The absolute difference in heat pain thresholds in the migraineurs between attacks compared to healthy controls in this study was relatively small. For example, the 1.2 C to 1.5 C difference in pain thresholds found in this study is much smaller than the differences seen when comparing migraineurs between migraine attacks to themselves during a migraine attack (16, 29) . The lower pain thresholds of migraineurs in this study are still within the normal range for non-sensitized c-fibers and as one would expect, they were not associated with symptoms of cutaneous allodynia (16, 30, 31) . However, we believe that the lower pain thresholds detected in these migraineurs are meaningful as they might be a very early manifestation of a migraine attack or they might be indicative of an underlying process that also allows for initiation of a migraine attack. For example, inadequate nociceptive inhibition at the level of the spinal dorsal horn and trigeminal subnucleus caudalis could account for the lower pain thresholds found in migraineurs. Since lower pain thresholds were found at the forehead and at the forearm, this lack of inhibition would likely be mediated centrally by brainstem regions of the descending pain system, such as the rostral ventral medulla, periaqueductal gray, and/or nucleus cuneiformis. In support of this theory, functional imaging studies of migraineurs have shown these brainstem regions to have atypical pain-induced activation (e.g. hypoactivation of the nucleus cuneiformis) and atypical resting state functional connectivity, and functional imaging studies have implicated these brainstem regions in central sensitization (32) (33) (34) (35) (36) . The correlation between pain thresholds and time interval until next headache found in this study suggests that the extent of inadequate inhibition might increase as the migraineur nears his or her next migraine. In addition to causing increased sensitivity to cutaneous thermal stimuli, a progressive lack of inhibition by brainstem nuclei responsible for central modulation of pain could lead to increasing excitability of the trigeminovascular system and thus to the start of the next migraine attack (37) . An even greater lack of pain inhibition, perhaps combined with enhanced pain facilitation, during a migraine attack could then lead to the sensitization and allodynia that are typical during a migraine attack (32, 38) .
Limitations of this study include the finding that migraineurs had higher trait anxiety and depression scores compared to controls. Anxiety and depression can have an impact on the determination of pain thresholds, typically being associated with lower pain thresholds (39, 40) . However, although anxiety and depression scores in the migraineurs were statistically higher, average scores for migraineurs were within normal limits. Furthermore, there were no correlations between pain thresholds and anxiety scores or depression scores in this study, suggesting that any effect of anxiety or depression on pain thresholds was minimal, if at all present. This finding is consistent with prior investigations that show anxiety and depression to have an effect on determination of pain tolerance thresholds and ratings of pain intensity, but not on pain thresholds (41) . The ability to draw conclusions about a possible relationship between decreasing pain thresholds and time to next migraine attack is limited by the cross-sectional nature of this study. Future investigations should assess pain thresholds within individuals at numerous time points in order to more conclusively determine if pain thresholds drop prior to migraine attack onset.
Conclusions
This study shows that migraine patients have lower heat pain thresholds between migraine attacks compared to healthy controls. The mechanisms underlying these lower pain thresholds might also predispose the migraine patient to his or her next migraine attack. It is also possible that a lowered pain threshold is a very early sign of a migraine attack itself. The positive correlation between heat pain thresholds and time interval to the next migraine attack that was identified in this study supports these possibilities.
